This paper considers the performance analysis of M-ary phase shift keying industrial cooperative relaying system in Nakagami-m multipath fading channel with Gamma shadowing, which is known as the Generalized-K composite fading channel. Since the paper deals with the industrial environment, the communication channel is also affected by the additive Middleton's Class-A impulsive noise. The bit error rate is used as a performance measure and the closed-form average bit error rate expression was derived. The influence of different fading and noise parameters on the system performance is investigated. The obtained results may be used for the improvement of the present and future industrial wireless communication systems.
INTRODUCTION
Wireless Sensor Networks (WSN's) are increasingly popular over the past two decades and today they are significantly more used for different sensing applications then wired networks [1, 2] . A subclass of WSN's for the application in the industrial environment is known as Industrial WSN's (IWSN's). The number of devices in IWSN's increased more than five times during the past five years [3] and is expected to increase even more in the future. With the development of Internet of Things (IoT), WSNs became even more important and more interesting for the research. IoT represents a network of devices with smart capabilities that are connected via a communication channel [4] . Main elements of IoT networks are sensors and therefore WSNs are and will be very important for these networks [5] . There is an estimate of 50 billion active IoT devices by 2020 [6] , and most of them will have actuators and/or sensors, which also confirms the importance of future WSN networks. At the same time, the Industrial Internet or Industry 4.0 [7] is in rapid development but it is still a relatively immature concept. Industry 4.0 will initiate growth and improvement of industrial infrastructure with the introduction of novel principles that will be based on the information and communication technology.
Since devices within WNS operate with limited energy, it is of highest importance to implement communication schemes with low energy consumption. The energy needed for the communication may be reduced by shortening the distance between two devices. This goal may be achieved with the introduction of the cooperative communications, where the third WSN node serves as a relay for the first two nodes [8] [9] [10] . Besides, the relayed transmission may also improve the coverage of the network. Depending on the strategy of the relaying node, there are two different relaying categories: amplify-andforward (AF), when the relaying node just amplifies and forwards the received signal, and decode-and-forward (DF) when the relay fully decodes the received messages, encodes them again and also forwards towards the next relay or destination [11] [12] [13] . A lot of research has been done regarding the analysis of relaying systems with AF and DF schemes, for different communication channels [14] [15] [16] [17] [18] [19] . Besides the small-scale multipath fading, the IWSNs communication channels are prone to the slow variation of the mean signal level due to the shadowing from obstacles. The effects of the large-scale shadowing in WSN's are analyzed in a number of papers [20] [21] [22] [23] .
Besides fading, IWSN channels are characterized by the impulsive noise, also. Namely, there are a lot of sources of the impulsive noise in the industrial environment, such as electro motors, electromechanical switches and other industrial devices [24, 25] . However, the impulsive noise is often neglected in the literature and the noise is treated as AWGN. The importance of treating industrial noise in a proper way is shown in [26] , where the impulsive noise is modelled as Middleton's Class-A (MCA) model, which is in great accordance with practical measurements in the industrial environments [27] [28] [29] .
Having in mind all of the above, a DF relaying scheme for the IWSNs employing MPSK (M-ary Phase Shift Keying) modulation is analyzed in this paper. Paper [26] analyzes relaying in IWSN's Nakagami-m fading channel and impulsive noise, but it does not take into account largescale shadowing, which is an important effect that should not be neglected. Therefore, this paper considers Nakagami-m fading channel with log-normal shadowing, in the presence of the impulsive noise.
The rest of the paper is organized as follows. Section 2 presents the model of the system. The performance analysis is given in Section 3, the numerical results in Section 4, and the conclusions in Section 5.
SYSTEM MODEL
We consider a relaying system, shown in Fig. 1 , with L + 1 nodes: the source node, L -1 relays and the destination node. The node Rl, l = 1, ..., L, transmits signal s l (with energy E b ) with the power P l . The received signal at the node R l + 1 is equal to 1 
where h l is the fading envelope between nodes R l and R l + 1 , and z R,l is the additive noise at node R l + 1 . The transmitted signal uses MPSK modulation with M modulation levels. The received signal-to-noise ratio (SNR) at the node R l + 1 is defined as
where N 0 is the average power of the additive noise, defined later in (7).
Figure 1 System model
At each of the relaying nodes, the signal is decoded, encoded again and forwarded towards the next relay or destination.
We consider the propagation channel with the effects of shadowing and multipath fading. This results in the composite fading channel model. In wireless communications, Nakagami-m multipath fading is usually used, while the log-normal distribution is used for the description of the shadowing effect. But, for the sake of more convenient mathematical analysis, Gamma distribution is often used as a model for the shadowing, which leads to Generalized-K fading model [30] . Hence, the probability density function (PDF) of the instantaneous SNR at l-th link is given by [31] (1) is modelled at each link as MCA identical and independent random variable. The PDF of z R,l is given by the weighted sum of normal distributions [33] :
where parameter α n is equal to
The variance 2 n σ is defined as: σ are the variances of the Gaussian and impulsive noise, respectiveliy. It was shown in [26] that the average power of the noise is:
Parameter A defines the impulsiveness of the noise: the lower the value the more impulsive the noise is. In case of A → ∞ , MCA impulsive noise does not have the impulsive component and becomes pure white Gaussian noise.
PERFORMANCE ANALYSIS
The bite error rate of the lth link, conditioned on SNR γ, may be expressed as [34] :
The average BER is equal to
After substituting (3) in (8), we get 
Having in mind that ( ) ( ) 
we get 
In order to calculate the average BER for the entire system, from the source to the destination, without the loss of generality and for the sake of clarity, we will assume that all links are equal: Now, the average BER may be expressed as:
where P 1 = P 2 = … = P L = P.
NUMERICAL RESULTS
In this section we present some numerical results that indicate the influence of the fading and noise parameters on the bit error probability. The derived theoretical expressions are confirmed by the Monte-Carlo simulations. Fig. 2 represents the bit error probability as a function of the average SNR for different MCA impulsive index A and BPSK modulation. Noise parameter ρ and fading parameters m m and m s are fixed. The noise parameter A is chosen to model different noise conditions, from very impulsive (A = 10 −5 ) to almost non-impulsive (A = 10). It can be seen that the theoretical results are in great accordance with the simulations. As shown in [26] and explained in [38] , for low values of A, BER curve has three areas: for low and high SNR values, BER changes more rapidly with SNR, than in the case of moderate SNR values. fading conditions. Therefore, Fig. 3 shows BER performance for different channel conditions: from the Generalized-K channel with MCA impulsive noise, to the pure AWGN channel without fading. The influence of impulsive index (A) and the ratio of the Gaussian noise power and the impulsive noise power (ρ) on the bit error rate is shown in Fig. 4 for SNR = 20 dB. The results show that in case of more severe fading conditions (m m = 1 and m s = 1.2) BER increases with the increase of A and with the increase of ρ. In contrast, for less severe fading conditions (m m = 2 and m s = 2.2), BER reaches its maximum for a moderate value of A around 0.03. Furthermore, for low A, BER is higher for higher ρ, and for moderate A, BER is lower for higher ρ. Fig. 5 shows the influence of the number of MPSK modulation levels (M) on the average BER for L = 8 hop network. The results confirm a known theoretical property that the BER is the same for BPSK and 4PSK. Besides, SNR and the fading parameter mm influence the error probability in the same way, regardless of the number of modulation levels.
CONCLUSION
Industrial WSNs are gaining in importance on one hand, and the cooperative communications are important for wireless sensors networks due to lower energy usage. Therefore, this paper investigates bit error rate of a cooperative industrial WSN with impulsive noise in communication channel with the effects of both multipath fading and shadowing. A closed-form expression for the bit error rate is derived, and it was used to examine the impact of fading parameters (severity of multipath fading mm and shadowing m s ), the Middleton's Class-A impulsive noise parameters (impulsive index A and the ratio of the noise Gaussian component power to the impulsive component 
